A minor phospholipid was isolated from potato (Solanum tuberosum L. cv Bintje) cells, chromatographically purified, and identified by electrospray ionization mass spectrometry as N-acylphosphatidylethanolamine (NAPE). The NAPE level was low in unstressed cells (13 Ϯ 4 nmol g fresh weight Ϫ1 ). According to acyl chain length, only 16/18/18 species (group II) and 18/18/18 species (group III) were present. NAPE increased up to 13-fold in anoxia-stressed cells, but only when free fatty acids (FFAs) started being released, after about 10 h of treatment. The level of groups II and III was increased by unspecific N-acylation of phosphatidylethanolamine, and new 16/16/18 species (group I) appeared via N-palmitoylation. NAPE also accumulated in aerated cells treated with NaN 3 plus salicylhydroxamate. N-acyl patterns of NAPE were dominated by 18:1, 18:2, and 16:0, but never reflected the FFA composition. Moreover, they did not change greatly after the treatments, in contrast with O-acyl patterns. Anoxia-induced NAPE accumulation is rooted in the metabolic homeostasis failure due to energy deprivation, but not in the absence of O 2 , and is part of an oncotic death process. The acyl composition of basal and stress-induced NAPE suggests the existence of spatially distinct FFA and phosphatidylethanolamine pools. It reflects the specificity of NAPE synthase, the acyl composition, localization and availability of substrates, which are intrinsic cell properties, but has no predictive value as to the type of stress imposed. Whether NAPE has a physiological role depends on the cell being still alive and its compartmentation maintained during the stress period.
N-Acylphosphatidylethanolamine (NAPE) is an unusual phospholipid class that occurs in very small amounts (Ͻ1% of total phospholipids) in a wide range of organisms. Its main characteristic is the presence of a third fatty acyl residue linked to the N atom of the ethanolamine head group by an amide bond. The biochemical properties of NAPE and of its derivatives have been extensively covered in the comprehensive monograph of Schmid et al. (1990) , whereas Chapman (2000) has reviewed the younger research carried out in plants.
In mammalian tissues, a characteristic feature of NAPE is its propensity to accumulate under various pathological conditions involving degenerative membrane changes. This occurs, for instance, in the infarcted aeras of dog myocardial tissue (Epps et al., 1979 (Epps et al., , 1980 , in ischemic rat brain (Moesgaard et al., , 2000 , in Glu- (Hansen et al., 1998 or in sodium azide-induced neurotoxicity, after UV-B irradiation of mouse epidermal cells (Berdyshev et al., 2000) , and in models of rat brain necrosis but not apoptosis (Hansen et al., 2001) . Several roles have been attributed to NAPE, including membrane bilayer protection (Newman et al., 1986; Domingo et al., 1993; Hansen et al., 1999) and stabilization (Akoka et al., 1988; Domingo et al., 1994; Lafrance et al., 1997) , as an endocannabinoid precursor involved in cell signaling processes (Schmid et al., 1996; Schmid, 2000) , and finally in response to stress (Berdyshev et al., 2000) .
Similar roles have been postulated for plant NAPE. In rehydrating cotton (Gossypium hirsutum) seeds, NAPE was suggested to act as a membraneprotecting and -stabilizing compound (Sandoval et al., 1995) . The involvement of NAPE in elicitorinduced signaling in tobacco (Nicotiana tabacum) cells (Chapman et al., 1995a and leaves (Tripathy et al., 1999) was suggested from the modulation by N-acylethanolamine of short-term (e.g. inhibition of elicitor-induced medium alkalinization) and longterm (e.g. induction of Phe ammonia lyase gene expression) defense responses (Tripathy et al., 1999) . Increased NAPE synthesis was also observed in postgerminative seedlings submitted to chilling stress (Chapman and Sprinkle, 1996) . Together, these data point to a general involvement of NAPE in all those processes where cellular structures are either challenged or severely compromised.
In the course of our studies on the effects of anoxic stress on cultured potato (Solanum tuberosum L. cv Bintje) cells, we have recently reported the occurrence of a threshold in energy production rate below which cells were irreversibly committed to death. Two phases thus were identified during anoxia treatment: a prelytic phase, during which cells still cope with the decreasing energy supply and remain intact, followed by an autolytic phase, characterized by an extensive hydrolysis of membrane lipids consecutive to the activation of a lipolytic acyl hydrolase (LAH; Rawyler et al., 1999 ). However, this major event is not the only change in lipid composition identified in these cells.
Here, we present the first evidence to our knowledge that anoxic stress of potato cells induces the formation of NAPE. This effect occurs correlatively to the LAH-dependent release of free fatty acids (FFAs) from membrane lipids, and is mimicked by the use of metabolic inhibitors under normoxia, pointing out energy shortage as the common origin of these lipid changes. We also show that the N-acyl pattern of NAPE molecules generated under anoxia is essentially insensitive to the changes that occur simultaneously in the FFA pool, whereas the corresponding O-acyl pattern differs markedly from that prevailing under normoxic conditions. The significance of NAPE formation in anoxic plant cells is discussed with special reference to its involvement in membrane protection and as a stress marker for cell death caused by the failure of metabolic homeostasis.
RESULTS

Occurrence and Identification of NAPE in Potato Cells
When the phospholipids of normoxic cells were fractionated by thin-layer chromatography (TLC), a very faint spot, migrating ahead of diphosphatidylglycerol, was observed (Fig. 1, lane 1) . After 14 h of O 2 deprivation, lipid hydrolysis to FFAs had just started , reaching approximately 4% of total fatty acids, and an increased amount of this low polarity compound could be found in the phospholipid fraction of anoxic cells (Fig. 1, lane 2) . This compound had a slightly higher mobility than N-palmitoyl-O-(1, 2-dipalmitoyl-snglycero-3-phosphoryl)-ethanolamine (Fig. 1, lane 3) , a feature which can be ascribed to the presence of acyl chains longer than palmitate. A building block analysis of this compound revealed a fatty acid to phosphorus molar ratio close to 3, so we suspected it to be NAPE. An upscaled preparation of this phospholipid was started by incubating batch cultures of potato cells under anoxia for about 23 h. The putative NAPE was extracted and purified as described in "Materials and Methods." Starting from 23 g cell fresh weight, we obtained approximately 1 mg of this compound, which cochromatographed with standard NAPE in two different solvent systems, had a fatty acid to phosphorus molar ratio of 2.81, and was judged pure because it produced a unique fluorescent spot after two-dimensional TLC analysis with the very sensitive primuline stain (not shown). A similar preparation was carried out with normoxic cells.
The purified phospholipids were then analyzed by electrospray ionization mass spectrometry (ESI-MS) in the negative mode. The instrument response was first checked with synthetic N-palmitoyl-O-(1, 2-dipalmitoyl-sn-glycero-3-phosphoryl)-ethanolamine. This standard NAPE gave a single [M-H] Ϫ (molecular mass minus proton) peak at m/z 928.59, in full agreement with the value of 928.74 computed from the sum of its constituents (not shown). Figure 2 shows that the high mass region of the spectrum (from m/z 920-1,040) presents several molecular ions that are perfectly consistent with a single phospholipid class showing the general NAPE structure. After protonation, the m/z value of all peaks in Figure 2 differed by less than 0.3‰ from their expected NAPE masses (Table I, columns 3 and 4) . Two other phospholipid classes that also yield a fatty acid to phosphorus ratio of 3, acylphosphatidylglycerol and N-acyl-phosphatidyl-Ser, were examined. The former, despite a chromatographic behavior close to that of NAPE, could be excluded because none of its molecular species could account for any of the main peaks in Figure 2 . The latter, in spite of presenting identical masses as some NAPE species, was discarded on the basis of its completely different chromatographic mobility (Schmid et al., 1990) . Altogether, these data allow one to assign an unequivocal NAPE identity to this group of molecular ions.
From the m/z values reported in Figure 2 , several NAPE species could be identified, which were divided in five groups according to their number of acyl carbons (Table I) . Without any consideration of positional specificity of acyl residues, group I was made of 16/16/18 species, group II of 16/18/18 spe- cies, group III of 18/18/18 species, and group V of 18/18/20 species. Group IV, seldom encountered, was a minor set constituted of 16/18/20 species.
As shown by the shaded areas in Figure 2 , a group can be constituted of peaks with different m/z values, called subgroups. More than one NAPE molecular species may be present in a subgroup because several combinations of acyl residues can give the same m/z value. For instance, subgroup III-b can be made of up to three individual NAPE species, 18:2/18:2/18:2, 18:1/18:2/18:3, and 18:0/18:3/18:3 (Table I) , that all collected at m/z ϭ 1,000.82 (Fig. 2, normoxia) and 1,000.60 (Fig. 2, anoxia) . Most subgroups thus contained two or three individual species. Only three subgroups (I-a, I-b, and II-b) contained a single NAPE molecular species.
Level of NAPE in Potato Cells
As indicated in Table II , the NAPE level was very low under normoxia, not exceeding 0.2% of the total lipids. After 23 h of anoxia, the level of total lipids was not changed, but that of NAPE showed a 13-fold increase. It is interesting that ESI-MS analysis revealed that the basal NAPE was constituted of two groups only, namely groups II (approximately 37%) and III (approximately 54%), which were also the most prominent NAPE groups in anoxic cells (Table  I) . On the other hand, groups I, IV, and V were undetectable in normoxic cells, and appeared exclusively after anoxia treatment (Fig. 2 ). Among these newly synthesized NAPE molecules, those of group I (made of 16/16/18 species) accounted for 14% of total NAPE, whereas the minor groups V and IV represented 1% and less than 1%, respectively. In contrast with normoxia, group II became slightly more important than group III ( Table I ), suggesting that the formation of 16/18/18 species was also favored under anoxia. Because it was not possible (under our conditions) to distinguish between individual NAPE molecular species, the following results will deal essentially with the major NAPE subgroups, disregarding the minor ones.
Time Course of NAPE Formation under Anoxia
It is clear that anoxia treatment of potato cells induced both quantitative and qualitative changes in the NAPE pool. Therefore, ESI-MS has been employed to follow in greater detail the changes in the level of various NAPE subgroups when potato cells were incubated under anoxia for up to 24 h (Fig. 3) . The well-known LAH-catalyzed release of FFAs from membrane lipids in anoxic potato cells Rawyler et al., 1999; Pavelic et al., 2000) was monitored as an event marker and determined on the same samples. This autolytic event was initiated after a prelytic period of about 9 to 10 h of anoxia, and progressed steadily (Fig. 3A) . The level of the NAPE class (Fig. 3B ) followed a very similar kinetics, though on a approximately 20-fold lower scale, and increased more than 10 times after 24 h. The NAPE subgroups, whether present (Fig. 3, C and D) or not (Fig. 3, E and F) at the beginning of the treatment, remained constant up to the threshold time of about 9 to 10 h of anoxia, and only then increased in parallel to the FFA release, although with very different rates. For instance, after 12, 15, and 22 h of anoxia, the Figure 2 . ESI-MS spectra of the putative NAPE class prepared from potato cells incubated either under normoxia or for 23 h under anoxia. The abcissa displays m/z values and the ordinate displays the relative abundance (in percent of the major peak). The ordinate scale was 6-fold higher in the lower portion than in the upper one (note also the difference in background noise). Numbers associated with peaks indicate [M-H] Ϫ (molecular mass minus proton) values in the negative mode. Shaded areas represent NAPE groups, each of them containing several species with different molecular masses (see Table  I for additional details).
four main subgroups II-c (with its two species 16:0/ 18:2/18:2 and 16:0/18:1/18:3), II-d (with its two species 16:0/18:1/18:2 and 16:0/18:0/18:3), III-b (with its three species 18:2/18:2/18:2, 18:1/18:2/18:3 and 18: 0/18:3/18:3), and I-b (with its unique species 16:0/ 16:0/18:2), accounted altogether for 74%, 76%, and 81% of all NAPE, whereas at least five other subgroups had to share the remaining 19% to 26% (Fig. 3, . In addition, some NAPE species stopped their accumulation (Fig. 3C ) or even started to decrease (Fig. 3, E and F) after 22 h of anoxia. Longer incubation times (up to 36 h) confirmed this trend (not shown), which must be primarily attributed to the simultaneous LAH activity.
Under Anoxia, NAPE Production Is Correlated with the LAH-Catalyzed FFA Release from Membrane Lipids
The relation between FFA release (Fig. 3A ) and NAPE accumulation (Fig. 3B ) has been substantiated by incubating potato cells under anoxia so as to induce a range of hydrolysis extents and measuring the corresponding NAPE levels. A good correlation (r ϭ 0.93) was obtained when NAPE formation and FFA release were expressed in a semilog plot (Fig. 4) , which indicates that the efficiency of NAPE synthesis was maximal at low hydrolysis extents. As soon as the hydrolysis extent exceeded 30%, the correlationcoefficient decreased rapidly (not shown). This was likely due to the fact that in addition to the native membrane lipids, NAPE becomes a new hydrolyzable substrate for LAH. As expected from Figure 3 , A and B, this correlation was inexistent in normoxic controls.
Effect of Respiratory Inhibitors
Potato cells were also treated with respiratory inhibitors under normoxia with the aim of creating a decrease in the cellular energy status that would Table II 
. Amounts of total lipids (as total fatty acids) and NAPE in potato cells under normoxia or after 23 h of anoxia
Values are mean Ϯ SD and the no. of replicates is given in italics in parentheses. The amount of diacyl lipids (represented by the membrane phospho-and glycolipids) is calculated by dividing the total fatty acid level (given on a molar basis) by a factor of 2.
Lipids
Normoxia Anoxia
Total fatty acids (mol g fresh wt Ϫ1 ) 21.9 Ϯ 2.1 (8 ) 22.5 Ϯ 1.1 (3 ) NAPE (nmol lipid P g fresh wt Ϫ1 ) 13.8 Ϯ 4.0 (10 ) 179 Ϯ 53 (3 ) Relative NAPE level (in % of diacyl lipids) 0.13 1.6
Table I. ESI-MS identification, acyl composition, and relative amounts of the main NAPE molecular species found in potato cells under normoxia and after 23 h of anoxia
Labeled NAPE peaks of Figure 2 are described here by a group no. (Roman numerals) that refers to its total no. of acyl carbons and a lowercase letter associated to its own m/z value, and are listed as subgroups in the first column. The height of each labeled peak in Figure 2 was taken as a measure of its relative abundance. Groups were then made by summing the abundances of those species having the same number of acyl carbons. Note that in certain subgroups (II-c, II-d, III-a, III-b, III-c, and V-b), a single m/z value can yield more than one possible combination of acyl residues. Minor NAPE subgroups (II-a, II-d, II-f, III-d, and IV-a, accounting together for Յ10% of total NAPE) have been omitted for clarity. . Table III shows that incubating potato cells in the presence of both NaN 3 and salicylhydroxamic acid (SHAM) for 12 and 14 h under normoxia resulted in a 2-to 4-fold increase in their NAPE level, which falls in the range of values observed in cells kept for an equivalent amount of time under anoxia (compare with Fig. 3B ). Because FFAs were also released when the mitochondrial electron transport was inhibited in normoxic cells during this time range (Table III; see also Rawyler et al., 1999) , these data suggest that NAPE synthesis is not due to the lack of O 2 itself, but to the sudden availability of a rapidly increasing FFA pool.
N-and O-Acylation Patterns of NAPE
An important additional piece of information can be given by the N-and O-acylation patterns of NAPE. The latter should give insight into the type of phosphatidylethanolamine (PE) species that become acylated, whereas the former should provide information about the acylating pool of FFAs (Chapman and Moore, 1993a, 1993b; this report) . To this end, we decided to use a chemical hydrolysis procedure (based on Kates, 1986) , rather than an enzymatic one, because the former lent it itself better to serial quantitative analyses then the latter. The suitability of the procedure was verified by measuring the molar ratios of N-acyl and O-acyl groups to lipid phosphate in standard NAPE samples, which satisfactorily yielded values of 0.9 and 2.1, respectively.
In Figure 5 , we have compared the acyl composition of the FFA fraction as well as the N-acyl and O-acyl patterns of NAPE obtained from normoxic potato cells with those from cells incubated under anoxia or under normoxia in the presence of NaN 3 ϩ SHAM. Measurements were carried out before starting (0 h) and 18 h after the treatments. These times were selected because at 0 h, the basal FFA pool is . Normoxic controls appear as white symbols in A and B, but are omitted in C through F for clarity. In A, the total fatty acid level corresponding to 100% was 21.9 Ϯ 2.1 mol g fresh weight Ϫ1 (n ϭ 8). The level of the various NAPE subgroups was estimated as follows. For each time point, data from ESI-MS measurements (as peak heights) were expressed as percentages of the total height of all NAPE peaks. These values were then converted to absolute amounts, taking the total NAPE amount (in nmol lipid P g fresh weight Ϫ1 ) measured independently as 100%. NAPE subgroups already present at zero time are represented in C (group II) and D (group III), whereas late-appearing NAPEs are depicted in E (group I) and F (group V). For clarity, minor NAPE subgroups (e.g. II-a, II-d, II-f, III-d, and IV-a, accounting for Յ10% of total NAPE) are omitted.
very small and rather rich in saturated chains (Fig.  5A , left) whereas after 18 h of anoxia or of normoxia in the presence of both respiratory inhibitors, the FFA pool is significantly increased under the action of LAH (see also Fig. 3A) , and is thus much richer in unsaturated acyl chains (Fig. 5A , middle and right; see also Rawyler et al., 1999) . Under no circumstances did the N-acyl pattern of the NAPE class resemble to FFA (compare Fig. 5, A with B) . Rather, the N-acyl pattern was essentially independent of the treatments: The most important acyl residue was always 18:1, closely followed by 16:0 and 18:2 in rather similar amounts, then by smaller amounts of 18:0 and 18:3 (Fig. 5B) . On the other hand, the corresponding O-acyl pattern of control NAPE differed from those observed after the treatments. Thus, in normoxic controls, the levels of most acyl residues were rather comparable, except for 18:3. However, after the treatments, 18:2 (with about 50 mol %) and 16:0 (with about 22 mol %) dominated markedly the O-acyl patterns at the expense of 18:0 and 18:1, whereas 18:3 remained essentially constant (Fig. 5C ). It should be kept in mind, however, that the absolute amounts of each fatty acid in both N-and O-acyl patterns of NAPE from treated cells were much higher than those from control cells.
Derived from the above data (Fig. 5 , B and C), the global acyl composition of NAPE reflects essentially that of its PE precursor, which appears to depend on the physiological state of the cells. In normoxic cells, the basal NAPE thus was relatively rich in saturated fatty acids, whereas a marked increase in 18:2 occurred at the expense of 18:0 and 18:1 after both stress treatments. However, it is worth mentioning that 16-and 18-carbon fatty acids constituted the vast majority of NAPE acyl chains (see also Table I ). Thus, arachidic acid, which represents about 0.2 mol % of total cell fatty acids, was found as a NAPE constituent only under anoxia, and in very small amounts. Shorter acyl chains (such as 12:0 and 14:0) were not encountered.
DISCUSSION
NAPE effectively occurs in cultured potato cells. This conclusion is supported by three lines of evidence. First, the purified compound cochromatographed in both one-and two-dimensional TLC with a standard NAPE ( Fig. 1; text) . Second, it had a fatty acid to phosphorus molar ratio close to 3, and the chemical hydrolysis procedure devised to split sequentially O-acyl then N-acyl groups yielded the expected fatty acid to phosphorus molar ratios (text). Third, and most importantly, analysis by ESI-MS of the purified compound yielded spectra that were Data are given as mean Ϯ SD (n ϭ 3). Note that in absolute terms, the sums of all N-acyl and O-acyl groups of NAPE after 18 h of treatment are much higher than those of normoxic controls. The same is true for the FFA fraction (see also Fig. 3) .
Table III. Effect of respiratory inhibitors on the FFA and NAPE levels of potato cells under normoxia
Cell suspensions were aseptically fed with 2 mM each of NaN 3 and salicylhydroxamic acid (SHAM) to inhibit mitochondrial electron transport and then incubated for 0, 12, and 14 h under normoxia. After washing, cells were extracted and FFA and NAPE amounts determined as described in "Materials and Methods." Values are mean Ϯ SD and the no. of replicates is given in bracketed italics. fully consistent with the occurrence of several species exhibiting the general NAPE structure ( Fig. 2 ; Table  I ). This conclusion is further strengthened by the experimental steps taken to prevent the formation of artifactual phospholipids in the lipid extraction procedure. Moreover, the two other possible candidates could be rejected on the basis of mass incompatibility (acyl-phosphatidylglycerol) or of completely different chromatographic mobility (N-acyl-phosphatidylSer). Potato cells thus can be included in the growing list of plant systems that have already been shown to contain NAPE (Chapman, 2000) . The basal NAPE level of potato cells (Table II) , comparable to that reported for tobacco cells by Chapman et al. (1995a) , confirms and extends the general view that this phospholipid is a minor component of wholecell membranes. This does not preclude, however, that NAPE could be enriched in some particular subcellular membranes of potato cells, for instance as reported by Chapman and Moore (1993a) for cottonseed microsomal membranes.
The most important outcome of this work is the marked augmentation of the NAPE level when cells are incubated under anoxia ( Fig. 3 ; Table II) or treated with NaN 3 plus SHAM under air (Table III) . To date, stress-induced stimulations of plant NAPE synthesis have been observed after seed imbibition (Sandoval et al., 1995) , after elicitor treatment of tobacco cells (Chapman et al., 1995a) and after chilling or abscisic acid treatment of cotton seedlings (Chapman and Sprinkle, 1996) . Our results show that anoxic stress leads to a similar effect, although the increase in NAPE level is not due to the absence of O 2 per se (Table III) , but to the very unfavorable energetic status that prevails when respiration is either impossible or simply blocked by appropriate inhibitors under normoxic conditions .
In a recent review, Chapman (2000) concluded that like in animal systems, NAPE plays a dual role in plants, as a direct precursor for the N-acylethanolamine signaling pathway and as a bilayerstabilizing component of membranes. Due to the way by which it is synthesized in plants (Chapman and Moore, 1993a, 1993b) , NAPE could be particularly efficient in this stabilizing role: The levels of potentially lytic FFAs and of the metastable PE (Cullis and de Kruijff, 1979) are decreased, whereas that of the bilayer-forming (Newman et al., 1986 ) NAPE is increased. Our results suggest that the accumulation of NAPE under anoxia represents a modest attempt of the stressed potato cells to maintain the membrane properties that ensure subcellular compartmentation. As discussed below, this attempt will eventually fail.
We have previously reported that in potato cells, LAH activity is triggered whenever their ATP production rate falls below a threshold level, and thus leads to a progressive hydrolysis of membrane lipids to FFAs . It is clear that the formation of NAPE observed under anoxia (Figs. 1, 2 , and 3B) can be ascribed to the increased availability of FFAs that prevails under this condition (Fig. 3A) . The remarkable similarity of the time curves for both processes (compare Fig. 3, A with B) as well as the correlation depicted in Figure 4 support this suggestion. The same explanation can be given in the case of normoxic cells in which the bioenergetic competence has been altered by the presence of respiratory inhibitors (Table III) . It has been shown that plant NAPE is synthesized exclusively by acylation of the amino group of PE with FFAs (Chapman and Moore, 1993a, 1993b) . Our results are in good agreement with the pathway proposed by these authors. One should realize, however, that the stress-induced formation of NAPE is the resultant of several concurring processes. LAH provides FFAs by hydrolyzing PE as well as other membrane lipids . Therefore, one of the two substrates of the acylation reaction becomes more abundant, whereas the other progressively decreases. This imposes a first restriction to the extent of NAPE synthesis under prolonged anoxia. A second restriction is the specific lipid requirement of the membrane-bound NAPE synthase (McAndrew and Chapman, 1998 ) because this enzyme is surrounded by a constantly changing microenvironment during lipid hydrolysis. In addition, the cytoplasmic acidification that occurs under anoxia (Gout et al., 2001 ) may create suboptimal conditions for NAPE synthase (Chapman and Moore, 1993b) while favoring LAH activity (Galliard, 1971) . Finally, NAPE is itself a substrate for the very unspecific LAH (Galliard, 1973; Huang, 1987) and for the phospholipase D that promotes its hydrolysis to N-acylethanolamine (Chapman et al., 1995b . Altogether, the correlation loss between NAPE synthesis and FFA release at hydrolysis extents higher than 30% (Fig. 4) , the leveling off (Fig. 3C ) and the actual decrease (Fig. 3 , E and F) of several NAPE subgroups during incubation under anoxia support this interpretation.
Nevertheless, it is intriguing that PE and FFAs can coexist in normoxic cells and that no increase in NAPE level could be detected during the first 9 to 10 h of the anoxic incubation (Fig. 3B) . During this prelytic phase, the FFA pool, though small (Ͻ1% of total fatty acids) and constant, represents about 250 nmol g fresh weight Ϫ1 . This amount, if dispersed in the 10% to 15% of the cell volume that is nonvacuolized (Espie and Colman, 1981) , would correspond to a cytoplasmic FFA concentration of at least 2.0 to 2.5 mm, which is much higher than the micromolar apparent one-half-saturation concentrations required by microsomal NAPE synthase (Chapman and Moore, 1993b; McAndrew and Chapman, 1998) . In addition, PE is the second most abundant phospholipid of non-photosynthetic tissues (Galliard, 1973) . We suggest that in normoxic cells, both NAPE synthase and the basal FFAs are spatially segregated as distinct pools within distinct membranes. Most basal FFAs thus would be unavailable to NAPE synthase under normal conditions. This suggestion is supported by subcellular localization studies showing that the NAPE synthase is restricted to endoplasmic reticulum, Golgi, and plasma membranes (Chapman and Sriparameswaran, 1997). Thus, one should wait for the generation of stress-induced FFA pools by LAH (Fig. 3A) to launch the accumulation of NAPE (Fig. 3B) .
Another important feature of the response of potato cells to anoxic stress is that the augmentation of the NAPE pool is not only quantitative, via a general increase in the amount of the pre-existing species of groups II and III, but also qualitative, via the appearance of the completely new species belonging to groups I and V ( Fig. 2 ; Table I ). The data of Table I are not intended to give a complete picture of each individual NAPE species encountered in potato cells. Thus, groups II (16/18/18) and III (18/18/18) together may contain up to 13 possible species. That there are so many molecular species is not surprising in view of the recent report of Holmback et al. (2001) that lists up to 50 NAPE species in oat (Avena sativa). In our case, however, the acyl positioning remains in most cases undefined. In addition, some species might not be present. Within these limitations, we can conclude that the stress-induced accumulation of group I species obviously represents a specific N-palmitoylation of the two species 16:0/18:2-PE and 16:0/18:3-PE because no 16:0/16:0-PE can be found in higher plants for biosynthetic reasons (Frentzen, 1990; Browse and Somerville, 1991) . It is also worth mentioning that these two PE species are among the most abundant in plant PE (Galliard, 1973) . Because each species of group II contains a single 16:0 residue (Table I ) and because 16:0 is also present in all N-acyl patterns (Fig. 5B) , it is concluded that group II species originate from both the N-palmitoylation of 18/ 18-PE species and the N-octadeca(e) noylation of 16/ 18-PE species. All NAPE molecules belonging to group III (Table I) obviously are N-acylated with 18 carbon fatty acids. These results present two striking differences with those reported by Sandoval et al. (1995) . First, osmotic stress did not induce the synthesis of new NAPE species upon imbibition of cottonseeds, but only increased the level of preexisting species peaking at m/z 952 and 976 and corresponding to our subgroups I-b and II-c. Second, imbibed cottonseeds were poor in 18/18/18-NAPE species (Sandoval et al., 1995) whereas these species represent one of the major NAPE groups in both normoxic and anoxic potato cells (group III, Table I ).
Although built from FFAs, the heterogenous N-acyl patterns of potato NAPE (Fig. 5B ) cannot be explained by a randomized extraction of acyl chains from the increasing and changing FFA pool (Fig. 5A) . Rather, they might reflect a property of the potato NAPE synthase, as suggested by the preferential incorporation of the otherwise minor substrate 18:1 under all conditions (Fig. 5B) , and also reported earlier on (Chapman and Moore, 1993b) . They alternatively could also reflect some differences in substrate availability with respect to the localization of NAPE synthase.
On the other hand, the O-acyl patterns of potato NAPE (Fig. 5C ) suggest that the PE species used for basal NAPE synthesis in normoxic cells differs markedly from those used under energy shortage, which resemble closely to bulk PE (Galliard, 1973) . If we assume that the lack of specificity for PE species reported for the cottonseed NAPE synthase (McAndrew and Chapman, 1998) is also a property of the potato enzyme, then the difference in O-acyl patterns should be explained by the segregation of PE species into distinct pools. Whether these pools are laterally segregated within the same membrane and/or present in distinct membranes cannot be decided yet.
A survey of the recent plant NAPE literature reveals that noticeable differences in the N-acyl patterns exist according to treatments and conditions. Thus, in unstressed cottonseed seedlings, the pattern was (16:0 Ͼ 18:0 Ͼ 18:1 ϳ 14:0; Chapman and Moore, 1993a) . In dry seeds of several species, NAPE showed a pattern (18:2 Ͼ 18:1 ϳ 18:0 ϳ 16:0) that was not greatly affected during the first hours of seed imbibition . On the contrary, following treatment with pathogen elicitors, the N-acylethanolamines released from NAPE presented the completely different pattern (12:0 Ͼ 14:0) pattern in tobacco cells challenged with xylanase ) and a remarkable 14:0 enrichment in leaves treated with xylanase or cryptogein (Tripathy et al., 1999) . Last, we observed a pattern (18:1 ϳ 18:2 ϳ 16:0 Ͼ 18:0 Ͼ 18:3) in energy-deprived potato cells (Fig. 5B, middle and right) . Thus, one may wonder whether NAPE (via its acyl composition and level) can tell us something about the type of stress experienced by plant cells.
To answer this question, let us consider the factors involved in NAPE synthesis and their interactions. Unstressed cells contain only basal NAPE in a low and stable level. The O-acyl pattern of basal NAPE originates from the basal PE pool, which is itself a characteristic of the cells, whereas the N-acyl pattern is determined by the acyl chain specificity of NAPE synthase and the composition of the small basal FFA pool, both being also characteristic of the cells. When cells are submitted to stress treatments able to induce NAPE synthesis under prelytic conditions, they can do it because there are still enough fatty acids available in the basal FFA pool to N-acylate additional PE molecules. At this stage, cells are stressed but alive and the extra NAPE species synthesized under these conditions may play active roles as precursors for signal molecules (Chapman et al., 1995a Tripathy et al., 1999) and as membrane protectants (Sandoval et al., 1995; Chapman and Sprinkle, 1996) . These properties were apparently not required when the energetic competence of potato cells was progressively decreased because no net NAPE formation could be evidenced during the prelytic phase of the anoxic treatment (Fig. 3B) . When the exposure to the stress is long enough, eventually lipid hydrolysis starts and FFAs accumulate in membranes where they soon reach lethal concentrations. This autolytic condition occurs under different types of stress such as chilling (Borochov et al., 1987) , water deficit (Crowe et al., 1989; van Bilsen et al., 1994) , pathogen attack (Slusarenko et al., 1991) , and anoxia this report) . At this stage, the overstressed cells are committed to death and any further NAPE synthesis will do nothing but delay the rupture of cell compartmentation by scavenging a few of the FFAs released. The acyl composition of both basal and stress-induced NAPE thus appears to be devoid of any predictive potential as to the type of stress imposed to the plant cell. It merely reflects the specificity of the NAPE synthase, the acyl composition, localization, and availability of PE and FFA pools, which are all intrinsic properties of cells. Whether NAPE has a physiological role under a given stress will depend essentially on the cell being still alive and its compartmentation maintained during the stress period.
In animal cells, increased NAPE synthesis (Schmid et al., 1990) was not the only modification affecting the lipid moiety under ischemia. In brain tissues, for instance, hydrolysis of membrane lipids also occurred, leading to the accumulation of FFAs (Ikeda et al., 1986; Sun et al., 1992; Sun and Gilboe, 1994) . Moreover, a coupling was established between energy failure in ischemic neocortex, loss of ion homeostasis, and phospholipase activation (Katsura et al., 1993) , in an obviously nonapoptotic process (Levin et al., 1999) . In potato cells experiencing energy shortage under anoxia, NAPE accumulation occurs only during the autolytic phase (Fig. 3, A and B) , as a result of the failure of metabolic homeostasis . The demise of potato cells under prolonged anoxia, therefore, is defined appropriately as oncotic cell death (Jones, 2000) .
Finally, the significance of NAPE synthesis depends on the moment at which potato cells are relieved from the anoxic stress by re-aeration. If reaeration takes place until the onset of the autolytic phase, where cell recovery is still complete (Pavelic et al., 2000) , NAPE synthesis is expected to play a key role in cell recovery by scavenging FFAs. This contribution of NAPE synthesis would be even more crucial for membrane repair and maintenance as postanoxic lipid peroxidation is not an important issue for cultured potato cells (Pavelic et al., 2000) . It is only when reaeration occurs too late that NAPE synthesis would become simply one of the biochemical changes that take place in dying cells.
MATERIALS AND METHODS
Chemicals
Except where indicated, chemicals were high purity products of Fluka and Sigma (Buchs, Switzerland).
Cells
Potato (Solanum tuberosum L. cv Bintje) cells were cultured in a Murashige and Skoog medium . Cells (4 to 5 d old) were harvested in their mid-log phase.
Anaerobic Conditions
Cells were incubated under the 10% (v/v) H 2 ϩ 90% (v/v) N 2 atmosphere of an anaerobic workbench (Forma Scientific, Type 1029, Marietta, OH), in the presence of a Pd catalyst. The O 2 level, monitored with a Toray LF-700 oxygen analyzer (Lippke, Neuwied, Germany), never exceeded the detection limit of 0.001%.
Cell Treatments
Sterile vessels containing cell suspensions (about 15-20 mg cell fresh weight mL Ϫ1 ) were closed with compressed cellulose plugs allowing gas exchange while maintaining aseptic conditions, and placed in the anaerobic workbench. Under these conditions, cell suspensions became anoxic within 10 to 15 min. Normoxic cell suspensions were also aseptically supplemented with both 2 mm NaN 3 and 2 mm SHAM and incubated under air. All suspensions were incubated in darkness at 24°C to 26°C, for up to 24 h, in a rotary shaker. Cells were collected by filtration under reduced pressure (and under anaerobic conditions whenever required), immediately frozen in liquid N 2 , and stored at Ϫ80°C until use. Additional experimental details are given in the legends to figures and tables.
General Lipid Analyses
A total lipid extract was prepared, from which total fatty acids and FFAs were determined by a combination of TLC and gas chromatography (GC) as described by . The lipid phosphorus (lipid P) content of total lipid extracts was determined by the procedure of Rouser et al. (1970) after mineralization in 70% (w/v) HClO 4 at 200°C for 1 h.
NAPE Purification and Analytical Characterization
Cells were first treated with hot isopropanol to inactivate phospholipases (Kates, 1970 ) and then extracted as described by Chapman and Moore (1993) . The total lipid extract in chloroform was then loaded on a 200-mg silica cartridge (Macherey-Nagel, Oensingen, Switzerland). After washing successively with 5 mL of chloroform, 7 mL of acetone:acetic acid (99:1, v/v), and 7 mL of chloroform: methanol (95:5, v/v), phospholipids were finally eluted with 7 mL of chloroform:methanol (1:1, v/v).
The phospholipid fraction was then separated by onedimensional TLC on a silicagel 60-coated glass plate (10 ϫ 20 cm) developed with chloroform:methanol:14% aqueous ammonia (80:20:2, v/v). The fully resolved NAPE spot was scraped and its lipid P content determined as above. In an alternate manner, NAPE was extracted and washed (Chapman and Moore, 1993a) and submitted either to controlled chemical hydrolysis for the determination of O-acyl and N-acyl groups by GC or to MS analysis. Confirmation of the purity of the isolated NAPE was obtained by twodimensional TLC analysis on a silicagel 60-coated glass plate (10 ϫ 10 cm) developed with chloroform:methanol: 25% aqueous ammonia (65:25:5, v/v) in the first direction, dried under N 2 and redeveloped in the perpendicular direction with chloroform:acetone:methanol:acetic acid:water (30:40:10:7:5, v/v).
The controlled chemical hydrolysis procedures given by Kates (1986) were used for the identification of O-and N-acyl groups. NAPE was dissolved in 2 mL of fresh 0.1 m NaOH in chloroform:methanol (1:4, v/v) and submitted to a mild alkaline methanolysis (20 min at 30°C), yielding N-acyl-glycerylphosphorylethanolamine together with fatty acid methylesters from O-acyl groups. After adding 2 mL of chloroform:methanol (4:1, v/v) followed by 1.8 mL of water, the tubes were briefly shaken and centrifuged. The lower phase contained the methylesters derived from O-acyl groups, which could be analyzed by GC after addition of internal standard (50 g of nonadecanoic acid). The upper phase, containing the N-acyl derivatives, was neutralized with Dowex 50 H ϩ , centrifuged, and the supernatant was made approximately 1.1 m HCl by the addition of 0.4 mL of 37% (w/v) HCl. After addition of internal standard, amide bonds were hydrolyzed by heating 1 h at 100°C. Fatty acids were extracted with 1.8 mL of pentane, dried, and methylated for GC analysis . Tubes were flushed throughout the procedure with N 2 to avoid oxidation risks. The residue left by the pentane extraction was dried and mineralized for determination of its phosphate content (Rouser et al., 1970) . The global acyl composition of NAPE was calculated directly from the N-acyl and O-acyl compositions, owing to the high recoveries (85% to 95%) of the chemical hydrolysis procedure described above.
ESI-MS Analysis of NAPE
ESI-MS analysis was carried out in the negative mode with a Micromass VG platform, single-stage quadrupole system. Cone and capillary voltages were Ϫ60 V and 3.5 kV, respectively, with a source temperature of 60°C. Samples were introduced as approximately 50 m solutions in dichloromethane/methanol/triethanolamine (80:20:1, v/v), at a rate of 10 L min Ϫ1 . Synthetic N-palmitoyl-O-(1,2-dipalmitoyl-sn-glycero-3-phosphoryl)-ethanolamine was used as a standard.
